Abstract-This paper investigated the flow and heat transfer characteristics of supercritical carbon dioxide (SC-CO2) and supercritical water (SC-H2O) in horizontal microchannels using a CFD approach. Model of a straight circular pipe of stainless steel with internal and external radii of, and , respectively and a heated length of 55 mm were considered. For the simulation, carbon dioxide and water at supercritical pressures of 9.5 MPa and 22.07 MPa respectively were used, while uniform heat was applied on the outer surface of the tube. The thermodynamic properties for both fluids were obtained from the NIST Chemistry Web book. The simulated temperature and heat transfer coefficient variation were compared with experimental results from literature. In general, the simulation results were close to the experiment. Both the simulation and experimental results showed that the wall temperature increased along the tube length. As expected, the heat transfer coefficient values for both supercritical fluids decreased as the length of the tube. This was due to the reason that a maximum and dominant convection heat transfer occurred at the entrance of the heated section of the pipe. The results from this study could assist in decisions regarding the use of supercritical fluids in industries which involve heat transfer.
I. INTRODUCTION
Supercritical fluid can be defined as a substance that has temperature and pressure above the critical points, where we cannot distinguish the liquid and gas phases. Supercritical Carbon dioxide (SC-CO2) and supercritical water (SC-H2O) are the two common supercritical fluids being utilized in many engineering fields such as materials preparation [1], nuclear reactor [2], [3] solar collector [4] , refrigeration and air-conditioning systems [5, 6] and analytical fields [7] , [9] . Carbon dioxide has a critical temperature and pressure of 304 K and 7.38 MPa respectively whereas water has a critical temperature of 647.1 K and critical pressure of 22.1 MPa. At supercritical stage, the fluids have no surface tension as there is no liquid and gas boundary.
Carbon dioxide and water at supercritical phase are known for their heat transfer enhancing and degrading behaviors. Significant changes in thermophysical properties of CO2 and H2O at supercritical pressures influence their heat-transfer. The most significant properties variations occur within critical and
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ISSN: 2414-4592 DOI: 10.20474/jater-2.3.2 TAF Publishing pseudocritical points [10] , [11] . Significant number of researches has been conducted to study the flow and heat transfer characteristics of supercritical CO2 and H2O [12] , [15] . For instance [12] have investigated influences of some parameters on the flow and heat transfer characteristics of supercritical carbon dioxide in a vertical tube. Regarding the influence of pressure, they observed that for all pressures, the heat transfer coefficient was almost constant in the liquid-like and gas-like regions. It reached a peak value near the pseudo-critical temperature, whose value was damped with increasing pressures. Moreover, an increase in mass flux caused the heat transfer coefficient of carbon dioxide to increase due to an enhancement of turbulent diffusion for upward flows. On the other hand different phenomena were observed for the downward flow. In another research, [16] from University of Massachusetts Amherst has applied computational simulation to study heat transfer enhancement using supercritical carbon dioxide in capillary flow. Homogeneous and separated flow methods were used to study certain sections in the tube capillary. It was found out that the carbon dioxide can undergo rapid expansion at supercritical state. The concentration of the mixture can affect the pressure as well resulting that the higher the concentration, the larger the increase in critical pressure.
On the other hand, according to the study of [17] , the reduced effect of hydrogen bonding decreases the SC-H2O's solubility. Hydrogen bonding, which is a covalent bond, has relatively low intermolecular force. The density was decreased under supercritical condition, weakening the hydrogen bonding. They have conducted spectroscopic and numerical simulation studies which revealed that the number of hydrogen bonds per molecules under supercritical condition was approximately 1/3 of the number at ambient temperature. More recently [18] has developed one dimensional heat transfer correlation for SC-H2O in vertical tubes based on a new set of heattransfer data and the latest thermophysical properties of water using NIST [19] .
However, the flow and heat transfer characteristics of supercritical fluids such as carbon dioxide and water are not fully discovered. The present study has therefore been undertaken to investigate the flow and heat transfer characteristics of SC-CO2 and SC-H2O using a CFD approach. In this paper we presented results for the simplest configuration of a horizontal double pipe heat exchanger with carbon dioxide and water flow in the cylinder at supercritical pressure and temperature. The density, viscosity, thermal conductivity and coefficient of heat capacity of the fluids were obtained from NIST database. Results presented for various cases for Sc-CO2 and at various temperature for Sc-H2O include the bulk temperatures, the wall temperature and the thermal heat coefficient.
II. MODEL AND SIMULATION SETUP

A. Physical Model
Schematic of the physical model of the straight circular pipe of stainless steel of internal and external radii of , and , respectively, and a heated length of 55 mm is shown in Figure 1 . The computational domain is simplified to be an axisymmetric plane. For the simulation, carbon dioxide and water at supercritical pressures of 9.5 MPa and 22.07 MPa respectively were considered with uniform heat applied on the outer surface of the tube. Unheated section with a length of 27.5 mm was used at the beginning to obtain a fully-developed flow-field prior to the heat transfer process, the middle section of 55 mm long is heated with a constant wall heat flux, while unheated section of 27.5 mm long is included at the end to avoid the effects of out-flow boundary conditions on the numerical results. The flow was driven by an externally imposed mean pressure gradient in the axial direction.
In this study, the flow field is assumed to be incompressible, steady, non-isothermal and twodimensional (2D) flow. Therefore, the conservation equations were presented in the following forms [20] , [21] , [22] , [23] : Mass conservation:
Energy conservation:
are the velocity, density, pressure, temperature, shear stress, thermal heat capacity, and thermal conductivity respectively. The terms x and r represent the axial and radial directions respectively. In the present numerical study of the supercritical heat transfer of fluids, given the high wall heat fluxes and the strong thermophysical property variations in the near-wall region, the   k turbulent model was employed for the internal turbulent flow and heat transfer calculations. Structured grid arrangement was used to define the variables and, due to its good accuracy, QUICK technique was used to approximate the convection terms in the momentum equation. Moreover, coupled scheme was used to couple the pressure and velocity terms.
B. Boundary Conditions And Thermophysical Properties
In this study, the commercial computational fluid dynamics (CFD) software called Ansys FLUENT was used. The inlet velocity and supercritical pressure boundary conditions were used to set the incoming flow properties while appropriate gauge pressure boundary conditions were used at the outlet to describe a fully-developed flow at the mini tube. Due to symmetric nature of the tube, axisymmetric boundary conditions were defined at the tube center axis. No slip and constant heat flux boundary conditions were there for the heated section and only no slip boundary conditions for the unheated (thermally isolated tube walls) were employed to describe a viscous flow. In the present work, the thermophysical properties of both carbon dioxide and water at the supercritical pressures and temperatures were obtained from National Institute of Standards and Technology (NIST) [19] . For Sc-CO2, the boundary conditions and thermophysical property values considered in this study are tabulated in Table 1 . 
III. RESULTS AND DISCUSSION
To apply the application of CFD codes to supercritical fluids and validate the simulation results, a horizontal circular steel channel was selected for validation which was studied experimentally by [11] . Simulations were performed by studying the influence of the inlet temperature on the heat transfer coefficient.
Comparisons of the inner wall temperatures and heat transfer coefficients for supercritical carbon dioxide obtained from the current simulation model against experimentally measured values from [11] are shown in Figures 2 and 3 respectively.
The inlet supercritical pressure and mass flow rates were kept constant for all the cases. The average (nominal) pressure and mass flow rate were 9.5 MPa and 1.47 kg/hr respectively while significantly variable temperatures were applied at the tube inlet. As can be seen from Figures 2, the simulations have the same trend with the experimental results. In Figure 2 , both simulation and experimental results show that the wall temperatures increase along the length of the tube. It can also be seen from the figure that the current simulation results are close to the experiment at temperature close to pseudo-critical temperature than at high temperature. For case01 which is at inlet temperature close to the critical temperature, the maximum wall temperature variation between the current simulation and the experimental results are relatively high at 21% maximum error. On the other hand, at high inlet temperature (Case02) the maximum wall temperature variations were quite low with only 1.7% maximum error. Both the simulation and experiment results show that the temperature change from inlet to outlet is high for case02 than case01. This indicates that carbon dioxide absorbs more energy at temperature higher than the pseudocritical temperature.
Fig. 2. Wall temperature versus diameter ratio for Case 01 and Case02
Shown in Figure 3 is comparison of the heat transfer coefficient obtained from the current simulation results and experimental data from [11] for cases01 and 02. As expected, the heat transfer coefficient (h) decreased as the length to diameter ratio increased. This is due to the reason that a maximum and dominant convection heat transfer occurred at the entrance of the heated section of the pipe. The convection heat transfer raised the temperature inside the pipe, as well as mean temperature, Publishing along the downstream direction. This made the mean temperature near the exit to be higher relative to the entrance and therefore a lower convection heat transfer at the exit. As the heat transfer coefficient is function of temperature, similar trend of variations between the simulation and experimental results are observed, i.e., simulated heat transfer coefficient values are close to experiment for case 02 than 01 with 10% and 24% maximum errors. Since the Nusselt Number is a measure of convection heat transfer relative to conduction heat transfer. Thus from the results of heat transfer coefficient it is evident that the Nusselt Number will increase as the length to diameter ratio increases.
Fig. 3. Heat transfer coefficient (h) versus diameter ratio for Case01 and Case02
The pseudo-critical pressure and temperature for water are 22.07 MPa and 374.4 oC respectively. To examine the heat transfer coefficient variation for water at its supercritical phase, the parameters indicated in Table 2 are used. Since the critical temperature of water is high compared to CO2, higher heat flux was considered for the simulation. Figure 4 shows variation of heat transfer coefficient (h) along the length of the heated tube at various inlet temperature values. Similar to the previous cases, the values of h decrease as the length to diameter ratio increases. At near critical temperature, high value of h is registered, on the other hand, as the temperature is far from the critical point, the h values decrease significantly. The results show that the inlet temperature strongly affects the convection heat transfer at super-critical pressures. However, further simulations at various supercritical pressures need to be conducted to examine how pressures far from the critical point affect the convection heat transfer. 
IV. CONCLUSION
Heat transfer during heating of turbulent flows of supercritical carbon dioxide and supercritical water was numerically investigated. The effects of inlet temperature on heat transfer process were analyzed. Using supercritical carbon dioxide as a working fluid, the heat transfer coefficient reaches a maximum for inlet temperature close to the pseudocritical temperature. As the inlet temperature is far from the pseudo-critical temperature, the heat transfer and change in wall temperature decrease significantly. Similar phenomena were observed for supercritical water at pseudo-critical pressure. Further studies need to be conducted to examine the effects of supercritical pressure, mass flow rate and flow orientation on the heat transfer rate for supercritical fluids.
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